An antibody-magnetite method was developed in order to selectively concentrate Giardia cysts from water samples. The indirect technique employed a mouse immunoglobulin G anti-Giardia antibody as a primary antibody and an anti-mouse immunoglobulin G antibody-coated magnetite particle as a secondary labeling reagent. The magnetically labeled cysts were then concentrated by high-gradient magnetic separation. Ninety percent of the seeded cysts were recovered from buffer when this method was employed. An average of 82% of the seeded cysts were recovered from water samples with various turbidities. Significantly higher cyst recoveries were obtained from water samples with turbidities below 600 nephelometric turbidity units.
recoveries were obtained from water samples with turbidities below 600 nephelometric turbidity units.
Giardia lamblia is a frequently reported waterborne pathogen (5) . The detection of G. lamblia cysts in water samples is hampered by recovery methods low in selectivity. Even highly specific indirect fluorescent-antibody detection of cysts (13) can be difficult when large amounts of algae and debris are recovered along with the cysts from water samples. In addition to physically obscuring the cysts on microscope slides, many algae have pigments that fluoresce at the excitation wavelengths for fluorescein isothiocyanate and other common fluorochromes. This interferes with cyst detection and makes reading the slides time-consuming and tedious. Making the recovery method more selective will reduce the amount of extraneous debris retrieved with the cysts and could increase detection sensitivity.
The selective removal of a group of cells labeled with magnetic particles from a heterogeneous mixture of cells and debris has been reported previously by a number of individuals. Calderon (4) used large magnetite particles coated with an anti-Legionella antibody to selectively concentrate Legionella cells from water samples with a magnet. Ninetythree percent of seeded Legionella cells were recovered when this method was used, while significant reductions in background bacterial densities were achieved. Kronick and Gilpin (8) were able to achieve a 400-fold enrichment of Legionella cells with a superparamagnetic colloidal antibody-magnetite reagent. Owen and Sykes (10) were able to recover 93% of sheep erythrocytes from buffer with paramagnetic colloidal magnetite particles and high-gradient magnetic separation to recover the cells coated with the particles from a suspension.
G. lamblia cysts in environmental samples are not easily cultured and must be seen microscopically to be detected and confirmed (14) . The Percoll sucrose were collected from the microcentrifuge tube after each float and were combined in a 50-ml-volume plastic conical centrifuge tube. At each step, the pelleted contents at the bottom of the microcentrifuge tube were resuspended in a fresh 1-ml aliquot of Percoll gradient-sucrose solution and vortexed prior to centrifugation. After the last flotation was performed, the total volume of the collected Percoll sucrose was diluted to six times its original volume with TBE74 buffer and centrifuged at 200 x g for 3 min. The pellet was subsequently washed two additional times in TBE74 buffer, and the volume was reduced to 1 ml.
Antibody-magnetite concentration of G. lamblia cysts was performed by reacting 10-,ul quantities of the anti-Giardia antibody with the water sample and incubating this solution for 30 min at room temperature with constant rocking. One hundred microliters of the colloidal magnetite was then added and incubated for an additional 30 min at room temperature with constant rocking. After the incubation steps, high-gradient magnetic separation was used to concentrate the labeled cysts. Magnetic concentration of the cysts from the water samples was performed three times to maximize recovery. The first two magnetic separations were performed with 0.2 g of stainless steel wire placed in the tube. The stainless steel wire was folded into 1-in. lengths prior to being placed into the tube. The tube was then placed between the poles of the magnetic separator device (Fig. 1) for 10 min, after which the fluid was carefully aspirated with a Pasteur pipette. Fresh TBE90 buffer was then added to the tube. For the last magnetic separation, a reduced amount of wire, four 1-in. segments weighing approximately 0.06 g, was placed into the tube. The separation was performed as described above except that after the last separation, TBE74 was placed into the tube. Forty-microliter aliquots were counted by phase-contrast microscopy, as described above.
RESULTS
Antibody titration. The anti-Giardia antibody was determined to have an agglutinating titer of approximately 160 when live gerbil-derived G. lamblia cysts were used (data not shown). The agglutination titer for the antibody was determined in order to characterize the antibody and to test for any loss in the ability of the cysts, which had been stained and/or heat killed, to react with the antibody. This was important, since heat-killed and methylene blue-stained cysts were used throughout the study. Heat killing and staining with methylene blue did not reduce the titer of the antibody when it was reacted with these treated cysts. However, the treated cyst preparations formed more tightly packed clumps than the live cysts.
Qualitative reactivity of cysts labeled with magnetite-antibody reagents. Five to 10 ,ul of antibody and 100 ,ul of the protein A-coated magnetite reagent were determined to be the optimal concentrations for maximal recovery of cysts (Fig. 2) . It was observed that the cysts rapidly changed their orientation in response to a magnet moved close to the slide on which the cysts were being microscopically examined. Figure 3 shows that the same volume of sheep anti-mouse IgG-coated magnetite reagent gave results comparable to those with protein A-coated magnetite reagent. Sheep antimouse IgG-coated magnetite particles were used preferentially rather than protein A-coated magnetite particles for a number of reasons. The protein A-coated magnetite suspensions, which were used during their recommended shelf life, contained large magnetite particles that settled out during storage in the refrigerator. Even after the protein A-coated magnetite preparations were magnetically cleaned, more large, noncolloidal particles formed again in the protein A-coated magnetite suspensions. Sheep anti-mouse IgGcoated magnetite appeared to be more stable in our hands, since these large particles were observed much less frequently. In addition, when Giardia cysts were reacted with sheep anti-mouse IgG-coated magnetite instead of protein A-coated magnetite, they responded more strongly to the presence of a magnet, as observed microscopically.
Quantitative recovery of G. lamblia cysts from seeded buffer. Ten microliters of anti-Giardia antibody and 100 pl of protein A-coated magnetite were sufficient for the recovery of cysts from buffer (Fig. 3) . Increasing the volumes of the magnetite reagent to 200 or 400 p,l did not significantly increase recovery (Fig. 3 ) (analysis of variance P = 0.05).
Immunicon's anti-mouse IgG magnetite reagent gave recovery comparable to that by the protein A-coated magnetite suspension (analysis of variance P = 0.05), even though the magnetic movement of the cysts appeared to be higher when they were labeled with the anti-mouse IgG-coated magnetite particles. Quantitative recovery of G. lamblia cysts from seeded water samples. In order to recover the seeded cysts from water samples, it was necessary to perform a flotation because of the presence of indigenous magnetic particles which compose part of the Ohio River sediment. Prior magnetic cleaning of the water samples before the addition of the antibodymagnetite reagents to the water samples resulted in cyst loss (data not shown). In addition, some of the indigenous magnetic material still remained in the sample. However, flotation appeared to remove practically all of this extrane- (Fig. 4) The surface area-to-volume ratio for 40-nm particles, larger than that for larger particles, theoretically allows for more antibody-binding sites, resulting in a more reactive particle. High-gradient magnetic separation or steep magnetic gradients are used to concentrate these weak magnetic particles and the cells to which they are attached from a heterogeneous suspension of cells and debris (9) .
The recovery of the cysts by an antibody-magnetite method is affected by the strength of the magnetic field used to concentrate the magnetically labeled cysts. When the buffer is being drawn out of the tube and the cysts are attached to the wire, the magnetic forces holding the cysts to the wire must be stronger than the hydraulic forces drawing them toward and into the pipette. If 
